children were treated in the Medical Research Council acute myeloid leukemia 10 and 12 trials. The presenting features and outcomes of therapy in these children were compared by age. Although there was no single cutoff in age, younger children were more likely to have intermediate risk and less likely to have favorable cytogenetics (P < .001), and they had a higher incidence of translocations involving chromosome 11q23 (P < .001). The distribution of French-American-British (FAB) types also varied with age; FAB types M5 (P < .001) and M7 (P < .001) were more common in early childhood, whereas older children were more likely to have FAB types M0 (P ‫؍‬ .03), M1 (P ‫؍‬ .04), M2 (P ‫؍‬ .005), and M3 (P < .001). Involvement of the central nervous system at diagnosis was also more common in the youngest children (P ‫؍‬ .01). Younger children had more severe diarrhea (P ‫؍‬ .002), whereas older children had worse nausea and vomiting (P ‫؍‬ .01) after chemotherapy. When adjusted for other important factors, complete remission rates were similar (P ‫؍‬ .5) and although there was less resistant disease in younger children (P ‫؍‬ .003), this was partially balanced by a slight increase in deaths during induction therapy in younger patients (P ‫؍‬ .06). On multivariate analysis overall survival (P ‫؍‬ .02), event-free survival (P ‫؍‬ .02), and diseasefree survival were better (P ‫؍‬ .06) in younger children due to a lower relapse rate (P ‫؍‬ .02) especially in the bone marrow (P ‫؍‬ .02). (Blood. 2001;98:1714-1720)
Introduction
The outcome for children with acute myeloid leukemia (AML) has improved markedly over the last 3 decades, so that half of affected individuals remain disease free at 5 years from diagnosis and are probably cured. [1] [2] [3] [4] Age is a recognized prognostic factor, with poorer survival for older adults than children, 5 but less attention has been given to the effects of age on prognosis within childhood. In particular, very young children have been described as having both a similar 2,6-8 and a poorer outlook 5, 9 than older children, and there are concerns regarding the toxicity of treatment in this age group. Dose reductions for infants under 1 year are standard in chemotherapy protocols, but these are generally arbitrary rather than guided by known differences in pharmacokinetics or therapeutic ratio. Accordingly, our experience with children in the Medical Research Council (MRC) AML 10 and AML 12 trials has been analyzed to address these issues.
Patients and methods
Between May 1988 and April 1995, children with AML and refractory anemia with excess blasts (RAEB) or in transformation (RAEBt) and aged under 15 years at diagnosis were eligible for registration in the pediatric part of the MRC AML 10 trial. Bone marrow morphology and cytogenetics were reviewed centrally. In summary, all children were scheduled to receive 4 courses of intensive chemotherapy with an anthracycline-and cytarabine-based induction. 4 There was an initial randomization between etoposide and thioguanine as the third induction agent. Children with a matched sibling donor were eligible for bone marrow transplantation (BMT) in first remission after completion of chemotherapy, whereas remaining children were eligible for a randomization between an autograft and no further therapy. All chemotherapy doses were reduced by 25% for children under 1 year of age at diagnosis. Since May 1995, AML 10 was replaced by AML 12, 10 which remains open. This trial adopted risk-directed therapy based on 3 risk groupsgood, standard, and poor-derived from cytogenetics and response to induction chemotherapy. 11 Good risk patients have translocations between chromosomes 15 and 17, 8 and 21, inversion of chromosome 16, or French-American-British (FAB) type M3. Poor risk patients have monosomy of chromosome 5, monosomy of chromosome 7, deletions of the long arm of chromosome 5, abnormality of the long arm of chromosome 3, complex cytogenetics with 5 or more separate abnormalities, or resistant disease defined as more than 15% bone marrow blasts on recovery from the first course of chemotherapy. All other children are standard risk. The main trial randomization was between 4 and 5 courses of treatment in total. Good risk children were ineligible for BMT in first remission, whereas remaining children with a matched sibling donor were eligible for first remission allogeneic transplantation as their final course of therapy.
Autografting in first remission was discontinued. Induction chemotherapy remained based on an anthracycline with cytarabine and now etoposide, and there was an initial randomization between daunorubicin and mitoxantrone. Central nervous system (CNS)-directed therapy comprised either 4 (AML 10) or 3 (AML 12) intrathecal injections of methotrexate, cytarabine, and hydrocortisone (triple therapy). CNS disease was defined as the presence of 5 ϫ 10 6 blast cells or more per liter of cerebrospinal fluid or isolated cranial nerve palsy. Children with CNS disease received twice weekly triple intrathecal therapy for 6 doses, then monthly until the end of therapy. At this time, children aged over 2 years with CNS disease who were not scheduled for BMT received 24-Gy cranial radiation. Physical condition at diagnosis was assessed using the play score in children under age 10 years, 12 and by the World Health Organization (WHO) performance score above this age. Toxicities were recorded using the WHO toxicity score (scale 0 ϭ no toxicity to 4 ϭ severe toxicity).
Definitions of end points
Complete remission (CR) was defined as a normocellular bone marrow aspirate containing less than 5% blast cells and showing evidence of normal maturation of other marrow elements. Although blood count recovery was not mandatory for this definition, over 96% of children achieved a neutrophil count more than 1 ϫ 10 9 /L and a platelet count more than 100 ϫ 10 9 /L. Remission failures were classified by the referring clinician as due either to induction death, that is, related to treatment or hypoplasia or both, or as resistant disease, that is, related to the failure of therapy to eliminate the disease (including partial remission with 5%-15% blasts). Where the clinician's evaluation was not available, deaths within 30 days of entry were classified as induction deaths and deaths at more than 30 days as resistant disease.
Overall survival was defined as the time from diagnosis until death and event-free survival as the time from diagnosis until first event (failure to achieve CR, death in remission or relapse), with nonremitters counted as having an event on day 1. For patients who achieved remission, disease-free survival was the time from CR to death in first remission or relapse and risk of relapse was the cumulative risk of relapse from remission, censoring at death in remission.
Statistical methods
To investigate changes in the pattern of disease and outcome of treatment, children were subdivided into 5 age groups: infants aged under 1 year at diagnosis, 1 year olds, and 2 to 4, 5 to 9, and 10 to 15 year olds. Clinical features at diagnosis, the percentage of children with grades 3 or 4 nausea/vomiting, oral toxicity, and diarrhea (ie, moderate/severe gastrointestinal toxicity), remission, reasons for remission failure, and first remission treatment were compared between age groups by the Mantel-Haenszel test for trend. Differences between the age groups in terms of time to hematologic recovery from course one were compared using the logrank test.
Kaplan-Meier life tables of outcome were compared using the log-rank test, with surviving patients censored on May 1, 1999 (AML 10) and June 1, 2000 (AML 12), when follow-up was complete for more than 99% of patients (the small number of patients lost to follow-up are censored at the date they were last known to be alive). Median follow-up was 4 years 2 months (range, 2 days to 10 years 10 months). Logistic and Cox regression analyses were used to determine the most important predictors of outcome in children in multivariate analysis. All P values quoted are 2-tailed.
The exclusion of the small number of children with Down syndrome and those with secondary AML made no material difference to the results.
Results
Between May 1988 and June 1, 2000, 698 eligible children were registered at diagnosis in the pediatric part of AML 10 (n ϭ 341) and AML 12 (n ϭ 357). Features at presentation are given in Table  1 . There were 384 boys and 314 girls, 653 with de novo AML, 35 with secondary AML, and 10 with myelodysplastic syndrome (MDS). Comparison of presenting features showed that the incidence of FAB type varied with age; FAB types M5 (P Ͻ .001) and M7 (P Ͻ .001) were more common in very young children, whereas FAB types M0 (P ϭ .03), M1 (P ϭ .04), M2 (P ϭ .005), and M3 (P Ͻ .001) were more frequent in older children. Details of the distribution of FAB types in the first 6 years of life showed that there was no clear age cutoff. Younger children were more likely to have an intermediate cytogenetic risk and less likely to have favorable cytogenetic features (P Ͻ .001), and they had a high incidence of translocations involving chromosome 11 with breakpoints at 11q23 (P Ͻ .001). Despite the increased incidence of AML M7 in the first year of life, no child in this age group had Down syndrome, and Down-associated AML was most common between 1 and 4 years of age. There was no age-related trend in presenting white cell count (WCC), but involvement of the CNS at diagnosis was more common in younger children (P ϭ .01). 
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Younger children had significantly poorer play scores (P Ͻ .001), suggesting greater debility at diagnosis.
There was no significant trend in remission rate or deaths in induction with increasing age (Table 2 ; P ϭ .5, P ϭ .1, respectively), but resistant disease was less common in the youngest children (P ϭ .02).
There were no substantial differences in time to recovery of neutrophil count to 1.0 ϫ 10 9 /L (P ϭ .9) or platelet recovery to 100 ϫ 10 9 /L (P ϭ .7). There were no differences in severity of oral toxicity (P ϭ .8), but diarrhea was more severe in younger children (P ϭ .002; Table 3 ). In contrast, nausea and vomiting were most common in children aged 10 to 15 years (P ϭ .01).
A matched sibling donor was available for 134 of 641 children who achieved CR. Eighty-eight of these children (66%) received a bone marrow allograft (Table 4) . BMT was more common in older children (P ϭ .02). Known reasons for the decision not to proceed with BMT in the remaining children with a matched family donor were unfit (n ϭ 13), relapse/death (n ϭ 7), favorable cytogenetics (n ϭ 6), parental refusal (n ϭ 5), and physician decision (n ϭ 5). Thirteen children received a matched unrelated donor BMT in first remission, even though this was not part of the treatment protocol.
Reasons for treatment failure are shown in Table 2 . There was no significant difference in overall survival (Figure 1, P ϭ . 2) or event-free survival (Figure 2 , P ϭ .09), but disease-free survival was superior in younger children (Figure 3 , P ϭ .04) due to fewer relapses (P ϭ .02, Figure 4A ). The risk of bone marrow relapse was lower in younger children (P ϭ .008, Figure 4B ) although this age group had slightly more CNS relapses (P ϭ .05). However, CNS relapse was rare, only affecting 11 children overall. There was no difference in the incidence of deaths in first remission (8% overall, P ϭ 1.0). Subdivision by age within the first year of life showed similar outcomes between groups.
Multivariate analysis of prognostic factors (age, gender, initial WCC, FAB type and cytogenetic risk, with bone marrow status after course one of induction and MRC risk group also used in analyses of relapse risk, risk of death in remission, and disease-free survival) indicated that poor survival was related to increasing age (P ϭ .02), higher presenting WCC (as a continuous variable P Ͻ .001), poor risk cytogenetics (P Ͻ .001), and FAB type other than M5 (P ϭ .02). CR rates were lower in patients with adverse cytogenetic risk group (P ϭ .002), lower initial WCC (P ϭ .001), and FAB type M4 (P ϭ .01), whereas induction deaths were more frequent with higher initial WCC (P ϭ .02) and resistant disease was more common with adverse cytogenetic risk group (P Ͻ .001), FAB types M4 (P ϭ .03) and M6 (P ϭ .01), older age (P ϭ .003), and higher initial WCC (P ϭ .001). Significant adverse risk factors for relapse were increasing age (P ϭ .02), male sex (P ϭ .03), FAB type other than M5 (P ϭ .04), higher WCC (P Ͻ .001), poor risk cytogenetics (P Ͻ .001), more than 15% blasts in the bone marrow following recovery from the first course of chemotherapy (P Ͻ .001), and MRC risk group (P Ͻ .001), whereas the only significant risk factor for death in remission was more than 15% blasts in the bone marrow following course one (P ϭ .007). The only significant factor for CNS relapse was poor cytogenetic risk group (P ϭ .001), whereas the risk factors for bone marrow relapse were identical to those for all relapses and achieved similar levels of significance. Disease-free survival was better with lower WCC (P Ͻ .001), good MRC risk For personal use only. on April 14, 2017. by guest www.bloodjournal.org From group (P Ͻ .001), FAB type M5 (P ϭ .03), and with 15% or fewer blasts in the marrow after the first course of induction (P Ͻ .001). Event-free survival was better with lower WCC (P Ͻ 0.001), favorable cytogenetic risk group (P Ͻ .001), M5 FAB type (P ϭ .01), and younger age (P ϭ 0.02). In multivariate analysis, age was not a significant factor for risk of CNS relapse (P ϭ .2), risk of death in remission (P ϭ .7), or CR rate (P ϭ .5) and was not quite statistically significant for diseasefree survival (worse prognosis with increasing age P ϭ .06) and induction death (better prognosis with increasing age P ϭ .06). These findings are in line with those reported for the AML 10 trial with adult and pediatric data combined. 12 
Discussion
Although major collaborative groups have demonstrated an improved prognosis for AML, 1-4 few publications have concentrated on the specific features of the disease at different ages in childhood. 2, [5] [6] [7] Two studies presented data for children aged under 2 years compared with older children 7, 8 and reported a similar pattern of AML between the first and second year of life with distinctive features when compared to older children. These very young children had high presenting WCCs and an increased incidence of monocytic disease. Analysis of cytogenetics indicated a high frequency of abnormalities of chromosome 11 with breakpoints at 11q23. A high incidence of CNS disease of 20% at diagnosis was noted, and the CNS was a common site of relapse. The children had an increased incidence of AML M7, which was not associated with Down syndrome.
We also found that FAB type varied with age with a high incidence of AML M5 and M7 in very young children, whereas the incidence of M0, M1, M2, and M3 increased with age. It was not possible to identify a precise age cutoff for these trends.
Cytogenetics have consistently been shown to carry major prognostic significance in AML, 11, [13] [14] [15] and there were clear differences in the distribution of cytogenetic risk groups in our series, with a high incidence of translocations involving chromosome 11 with breakpoints at 11q23 in young children, a change strongly associated with AML M5. 15 Cytogenetic results were available for more than 80% of the children and represent the most complete data set published. The low incidence of favorable cytogenetics in the youngest children was reflected by the relative infrequency of the associated FAB types-AML M2 with t(8;21) and M3 with t(15;17).
There has been disagreement regarding the effect of age in childhood on prognosis with both similar 2, 6, 7 and poorer outcome 5, 8, 9 reported compared to older children. In the series of Vormoor and colleagues, 8 survival was worse in children under age 2 years due to resistant disease and relapse, but this was ascribed to the pattern of FAB types because the younger children had an excess of FAB types M5 and M7 identified as carrying poor risk in children treated on Berlin-Frankfurt-Munster (BFM) group protocols. 1 However, in AML 10 and AML 12, FAB type is not included in risk group assignment. 11 An analysis of factors affecting response in AML 10 11 showed that poor performance status was a risk factor for induction death. Adverse cytogenetics, non-M3 FAB type, and high presenting WCC were risk factors for resistant disease, but the effects of FAB type and WCC were relatively weak compared with cytogenetics. In our series there was no difference in remission rates but resistant disease was less common in younger patients partly counterbalanced by an increase in induction deaths. Following successful induction therapy, relapse was also less common in younger children and there were no differences in deaths in remission, resulting in better disease-free and overall survival.
Multivariate analysis of prognostic factors for children confirmed the importance of cytogenetics, response to the first course of chemotherapy, overall MRC risk group (a combination of cytogenetics and response to course one of chemotherapy), and the effects of high presenting WCCs, and demonstrated that age within childhood affected survival, relapse rate, and disease-free survival. Our experience suggests that better control of AML is achieved in these children using treatment of the intensity prescribed in MRC trials, irrespective of FAB types.
The increased incidence of CNS disease at diagnosis in younger children and the marginal increase in CNS relapse concurs with other reports. 7, 8 The low CNS relapse rate (only 11 overall) may relate to overall dose intensity of therapy because AML 10 and 12 are among the most intensive of regimens reported for the treatment of AML in children, and better systemic control may result in less CNS relapse. Intrathecal treatment in our patients was limited to triple therapy and cranial radiation was not routinely administered. It appears clear from MRC data that provided overall treatment intensity is appropriate cranial radiation is an unnecessary source of potential CNS toxicity. A major concern is the appropriateness of current dose adjustments made in chemotherapy protocols for infants (generally based on prescription as milligram per kilogram or in our series on drug reductions by 25%) occasioned by the relatively high surface area for body weight and differences in pharmacokinetics. 16 There is variation between the protocols of different collaborative groups both in drug dosages and scheduling and in the methods of dose reduction applied to young children that may have important effects on treatment intensity.
This concern is especially important given the increased severity of diarrhea in young children in our series and the reported increased risk of bacteremia associated with gastrointestinal toxicity of chemotherapy. 17 However, the better diseasefree survival rate in children under age 2 years is encouraging. Together these findings suggest that younger children may have BLOOD, 15 SEPTEMBER 2001 ⅐ VOLUME 98, NUMBER 6 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From received relatively more intensive therapy, and increased treatment intensity is associated with improved disease-free survival in childhood AML. 3 The lack of good pharmacokinetic data to accurately determine dosages indicates the strong need for appropriate studies in this area to guide improvements to the therapeutic ratio. There was more severe diarrhea in younger children and a marginally statistically significant excess in deaths during induction, but less resistant disease and relapse. Accordingly, further dose reductions are inappropriate at this time, but attention to the supportive care needs of very young children must be emphasized.
